Previous studies in this laboratory suggested that proteins pinocytosed by macrophages in vitro are digested intracellularly to the level of amino acids. That is, after ingesting 125I-human serum albumin, macrophages excrete monoiodotyrosine-125I into their medium (1). Similarly, macrophages which have taken up leucine-SH-hemoglobin excrete leucine-SH into their medium (2). These studies dealt with the outcome of intraceUular digestion, but offered little information about the mechanisms of digestion and excretion. Morphological studies had shown that incoming pinocytic vesicles fuse with the cell's lysosomes, to form perinuclear granules, or secondary lysosomes (3). Two properties of the secondary lysosomes suggested that they are the principal site of digestion of pinocytosed proteins: they contain acid proteases and their membranes are impermeable to macromolecules such as proteins (4). However, our previous studies did not indicate whether the digestion of exogenous proteins to amino acids occurs entirely within the lysosomes. Clearly, the extent of intralysosomal digestion may depend as much upon the permeability of the lysosomal membranes as on the properties of the lysosomal proteases. The present report deals with the permeability of macrophage lysosomes to small peptides, such as might arise in the course of intralysosomal protein digestion.
FATE Ol ~ PEPTIDES PINOCYTOSED BY MACROPHAGES
50% NBCS medium. The cells were then washed twice with saline and scraped with a rubber policeman into distilled water, 1 ml for each flask. Pooled cell suspensions were frozen rapidly and thawed, through six cycles, to activate lysosomal enzymes. The resulting cell lysate contained about 30 cathepsin units/ml when assayed by the method of Cohn and Wiener (4) .
To test a peptide for susceptibility to macrophage enzymes, 1 volume of the peptide at a concentration of 5 mg/ml was incubated for 24 hr at 37 ° C with 1 volume of cell lysate and 2 volumes of 0.05 ~ sodium acetate buffer, pH 3.8. Peptides were also tested for their susceptibility to cellular enzymes at pH 7.4 and sometimes also at 5.0, but no hydrolysis was ever observed at these higher pH's. The same procedure was used in testing for susceptibility to peptidases in NBCS, except that NBCS was substituted for cell lysate and in all cases the buffer was 0.05 M tris(hydroxymethyl)aminomethane (Tris) pH 7.4. After incubation, the reaction mixture was analyzed by descending paper chromatography on Whatman No. 1 paper with butanol: acetic acid: water (4:1:1) as a solvent.The peptide and its constituent amino acids were used as reference compounds, and ninhydrin (0.25% in acetone) was used to detect the compounds on paper.
Preparation of Tri~ial~ (1)-Glu)2.--(D-Glu)2, obtained from Cyclo Chemical Corp. (Los
Angeles, Calif.), was sent to New England Nuclear Corp. (Boston, Mass.) for labeling by the tritium gas exposure method of Wilzbach (7) . 50 mg of the dipeptide was exposed to 3 c of tritium gas for 2 wk. The crude product consisted of 60 mc of labeled material, of which about 10% was associated with diglutamic acid according to paper chromatography. However, all of the ninhydrin-positive material which could be detected on chromatograms of the crude material was associated with diglutamic acid. Paper electrophoresis (kindly performed by Dr. Berud Gutte) showed that many of the radioactive impurities differed from diglutamic acid in electrophoretic mobility and could be removed by ion exchange chromatography.
The follow in~g purification procedure was developed empirically: First, 10 mc of the crude sample was dissolved in i ml of water and loaded onto a 12 X 1 cm column of Dowex I X 2 anion exchange resin (1)ow Chemical Co., Midland, Mich.). The column was washed through with 0.1 ~ sodium acetate, pH 5, until the effluent was free of isotope. The eluant was then changed to 20% acetic acid and the ninhydrin-positive effluent fractions were collected. The resulting material was not chromatographically pure. The chromatographic impurity, which moved close to the solvent front in butanol: acetic acid: water (4:1:1), could be extractedwith butanol.
Racemization is a frequent hazard of the Wilzbach procedure (8) . In order to hydrolyze any racemized dipeptide, chromatographically pure 3H-diglutamic acid solution was incubated for 24-48 hr at 37 ° C with 1 volume of macrophage lysate at pH 3.8. The incubation mixture was then concentrated and chromatographed on a 22.5 X 0.9 column of Bio-cel P-2, with 0.05 ~, phosphate buffer, pH 6.8. Radioactive material was eluted in two peaks. The slow, minor peak, consisting of radioactive material of lower molecular weight than (n-Glu)2, was probably labeled glutamic acid resulting from the hydrolysis of racemized 3H-(D-Glu)2. The bulk of the radioactive material was eluted in the same position as unlabeled (D-Glu)~, which was used as a reference compound. The major peak fractions were pooled, concentrated, and stored frozen until used.
Studies of the Uptake and Fate of 3H-(D-Gtu)2.--Quantitative studies of the uptake and fate of 3t~-(D-Glu)2:
Macrophages were cultivated in T flasks as described previously (1, 6) . At the end of the cultivation period, the medium was removed and the cell sheet was washed with saline to remove adsorbed isotope (1) . The washed cells were detached from the glass surface by freezing and thawing repeatedly in a small volume of distilled water. The resulting cell suspension, containing about 3 X 103 eells/ml, was mixed directly with Bray's scintillation fluid (9) for counting. 1 mi of aqueous sample was counted in 10 ml of Bray's fluid in a Nuclear-Chicago Mark I liquid scintillation counter, model 6860.
Counting rates of aqueous samples were automatically corrected for quenching with an external standard, and are expressed in disintegrations per minute (dpm).
Radioautography: Cells were cultivated for 24 hr in Leighton tubes containing about 5/~c/ml 3H-(D-Glu)3 and 0.01 • (D-Glu)3 in 200% NBCS. After fixation with glutaraldehyde, the dried cover slips were dipped in Ilford L-4 emulsion and exposed for up to 4 wk (10). The developed cover slips were mounted in distilled water and examined by phase-contrast microscopy.
Analysis of ingested and excreted material:
Both the intracellular isotope and the isotope released by 8H-(I)-Glu)3-pulsed cells were analyzed by paper chromatography. To prepare samples containing intracellular isotope, macrophages were cultivated in 30 cm ~ T flasks containing about 5 #c/ml 3H-(I)-Glu)3 and 0.01 ~¢ (~-Glu)3 in 20% NBCS. After a 24 hr "pulse," the cells were washed six times with saline and then scraped into a small volume of distilled water. The resulting cell suspension was frozen and thawed rapidly through six cycles. About 200 #1 of the lysate of pulsed cells was applied to Whatman No. 1 paper for chromatography. Samples of medium containing isotope released by pulsed cells were prepared exactly as described previously (1) . Cells were pulsed for a day, washed gently, and reincubated in fresh, isotope-free 1% NBCS, the "washout" medium. Pooled washout media from several flasks were first treated with triebloroaeetie acid (TCA) to remove serum proteins, then extracted with ether to remove excess TCA, and finally concentrated by flash evaporation. This procedure was tested on samples of purified 8H-(I)-Glu)2 and found to have no effect on the nature or quantity of labeled material. Chromatography of radioactive samples was performed as described above for peptide hydrolysates. After completion of the run, the dried paper was cut into 1 cm strips for counting. Unlabeled (I)-Glu)3, used as a reference compound, was detected with ninhydrin. 
Sources of Materials.--Dextran

RESULTS
General
Considerations.--Since mouse peritoneal macrophages c a n n o t be collected in sutfieient quantities for call fractionation studies, it was necessary to s t u d y the permeability of lysosomal m e m b r a n e s within i n t a c t ceUs. T h e m e t h o d was based on the observation that pinocytosis of certain disaccharides leads to extensive vacuolization of the macrophage cytoplasm (5) . T h e vacuoles were shown to be lysosomes containing the pinocytosed disaccharide. Disaccharides which induce vacuolization are indigestible a n d evidently too large to escape readily from macrophage lysosomes. These findings provided a t e n t a t i v e mot-phological criterion for the ability of a pinocytosed substance to penetrate lysosomal membranes. That is, if an agent induces vacuolization in macrophages, then it seems reasonable to infer that this substance escapes very slowly, or not at all, from macrophage lysosomes. The present report concerns the application of this criterion for lysosomal permeability to a series of small peptides. They were screened both for their ability to induce vacuolization and for their susceptibility to hydrolysis by enzymes in cells and in culture medium.
The choice of peptides was limited by the consideration that at least some should be resistant to hydrolysis by cells and by serum. In the absence of detailed information on the specificities of the relevant peptidases, D-isomers were chosen as the most likely to be indigestible. Whenever possible, peptides for which both D-and L-forms are available were tested.
Morphological Effects of _Peptides.--For a given peptide, concentrations from 0.005 ~t to 0.06 M were tested for their effects on macrophage morphology. Most of the peptides were toxic at concentrations much above 0.04 ~, though this may have been due to impurities in the peptide preparations, rather than to the peptides themselves. Control cells, cultivated for 24 hr in 20 % NBCS, contained a few, small perinuclear granules, usually phase-dense. The number and density of the granules in control cells varied somewhat with the batch of NBCS used in the medium. A compound was judged to have a positive vacuolating effect if > 95 % of the cells contained large numbers of completely dear vacuoles, and virtually none of the cells contained any dense granules. The distinction between vacuolated and normal cultures was extremely sharp and did not require quantitative methods to establish.
The effects of the 17 peptides tested are summarized in Table I . None of the peptides which failed to induce vacuolization had any morphological effects worthy of note other than toxicity, usually at high concentrations. Toxicity was marked by inhibition of pinocytosis, shrinkage and retraction of the mitochondria to the perinuclear region and, eventually, detachment of the ceils from the glass. Only two peptides tested induced vacuolization, (D-Ala)3 and (9-Glu)~. To find out whether pinocytosis was involved in vacuole formation by (D-Ala)3 and (D-Glu)~, their effects were studied in the presence of a pinocytosis inMbitor, parafluorophenylalanine (11).
Cells were first cultivated for 24 hr in 20% NBCS. Some of the cultures were then incubated in 20% NBCS containing 1 mg/ml D,L-parafluorophenylalanine, enough to inhibit pinocytosis by more than 80% in less than 1 hr (11). After 1 hr exposure to the inhibitor, the cells were reincubated in medium containing both parafluorophenylalanine and (D-Glu)2 or (D-Ala)3 at optimal vacuolating concentrations. I n control cultures, which had not been exposed to the inhibitor, vacuolization was a p p a r e n t after 1 hr, m a r k e d after 3 hr, and complete after 6 hr. Cells which were cultivated with parafluorophenylalanine and a peptide displayed a few more phase-lucent vacuoles than were seen in control cultures which had 
Molecular weight . Hydrolysis of Peptides.--The disaccharides which had failed to induce vacuoliFro. 1. Ninhydrin-stained paper chromatograms of (D-Ala)3 and (L-Ala)3 after incubation with NBCS at pH 7.4 (left) and with cell lysate at pH 3.8 (right). The incubation mixtures, labeled "digests," were applied at the left on the starting lines and appear at the bottom of each chromatogram. The other spots represent the unincubate7t dipeptides and amino acids, which were used as reference compounds. Reference compounds for the NBCS "digest" of (D-Ala)3 were applied with an overlay of NBCS equal in volume to the NBCS in the sample. Major spots have been circled in pencil. Uncircled spots in the NBCS-containing samples are due to components of the NBCS.
zation were found to be susceptible to hydrolysis by enzymes either in cells or in newborn calf serum (5) . In studying peptides, it was important to distinguish between those morphologically ineffective peptides which were simply hydrolyzed during cultivation and those which had no effect because of their intrinsic size or chemical properties. The results of incubating (L-AIa)3 and (D-Ala)3 with NBCS and cell lysate are shown in Fig. 1 . I t is apparent that (z-Ala)3 was partially hydrolyzed by macrophage Iysates and completely hydrolyzed by NBCS, while (D-AIa):~ was hydrolyzed by neither. Fig. 2 shows the results for (L-Glu)2 and (D-Glu)~. Although the separation of diglutamic acid from glutamic acid was not wide, it can be seen that (L-Glu)2 was digested by NBCS and that (D-Glu)2 resisted both NBCS and cell lysate. These results suggest that the L-peptides' failure to induce vacuolization was due to their hydrolysis to smaller, ineffective units.
The results of testing the other peptides are summarized in Table I . All of the peptides containing L-amino acids were hydrolyzed either by serum or by cell lysate. None of the peptides containing only D-amino acids was hydrolyzed either by serum or by cell lysate. For example, Fig. 3 shows chromatograms of Fro. 2. Ninhydrin-stained paper chromatograms. Left (n-Glu)2 after incubation with NBCS (top) and cell lysate (bottom). Right: (L-Glu)2 after incubation with NBCS (top) and cell lysate (bottom). The incubations with cell lysate were at pH 3.8. Reference compounds for the NBCS digests have all been applied with an overlay of NBCS.
"hydrolysates" of D-Ser. D-Ala and n-Ala. 3-Thr. Evidently, the failure of these 3-peptides to induce vacuolization was not due to their hydrolysis within cells or within the culture medium. Glu) 2 .--The experiments just described suggested that (D-Ala)3 and (D-Glu)2 are pinocytosed and stored intact within macrophage lysosomes. To test these inferences quantitatively, the uptake and intracellular fate of radioactively labeled 3H-(D-Glu)2 were next investigated. When macrophages were cultivated in 20 % NBCS containing 0.01 M unlabeled (D-Glu)2 and 3-4 /zc/ml 8H-(D-Glu)2 they did, indeed, accumulate isotope. The amount of isotope accumulated by cells in 24 hr corresponded to about 10 -2/zg (n-Glu)2/#g cell protein, which is an order of magnitude higher, on a weight basis, than the uptake of digestible proteins under similar culture conditions (1, 2) .
Uptake of ~H-(D-
Radioautography of cells pulsed with 8H-(D-Glu)2 revealed very few grains, possibly because of inadequate fixation of the dipeptide. Of the grains that were counted (about four per cell) the great majority were located over the perinuclear vacuoles, suggesting that these organelles are the site of (n-Glu)2 storage.
Various compounds which affect the rate of pinocytosis were tested for their effects on the uptake of ~H-(n-Glu)e. In this experiment, macrophages were cultivated for 24 hr in 20% NBCS, then their medium was changed to the medium in which uptake was to be studied. After 1 hr of preincubation with the test medium, a small volume of 3H-(D-GIu)2 solution was added to each flask, so that the specific activity of the final medium was about 1 #c/ml. The cells were then reincubated for 6 hr.
As shown in Fig. 4 , dextran sulfate, a pinocytosis stimulator, enhanced the uptake of ~H-(D-Glu)2 above that observed in 20 % serum alone. At concentrations from 10-20% NBCS stimulated uptake. The failure of a higher NBCS concentration to further enhance uptake could be due to some peculiarity of the batch of NBCS employed in these experiments. The uptake of 3H-(D-Glu)2 was inhibited by two inhibitors of pinocytosis, 2,4-dinitrophenol and parafluoro-phenylalanine. From these results it seems reasonable to conclude that *H-(D-Glu)~, hence (D-Glu)~, is ingested by pinocytosis.
The Fate of tH-(D-Glu)~ .--The intraceUular isotope accumulated during a 24
hr pulse of 8H-(D-Glu)2 appeared to be entirely associated with (D-Glu)I. First, the intraceUular isotope was > 95 % TCA-soluble, suggesting that (D-Glu)l had not been hydrolyzed, racemized, and then utilized for cellular protein synthesis. Second, paper chromatography of lysates of *H-(D-Glu)r-pulsed cells showed that all of the intracellular isotope had the same mobility as the unlabeled (D-Glu)~ used as a reference compound (Fig. 5) . These results show that the (D-GIu)~ which was stored by macrophages was stored intact. The duration of 3H-(D-GIu)2 storage by macrophages was of particular interest. To study the fate of ingested 8H-(D-Glu)~, ceils were pulsed by a 24 hr cultivation in medium containing 0.01 ~ (D-Glu)~ and about 3 ~tc/ml 3H-(D-Glu)~. The cells were then washed gently and reincubated in 1 or 50% NBCS. As shown in Fig. 6 , macrophages retained 80-100 % of their intracellular isotope during an 8 hr washout period. However, in the next 16 hr, about 40 % of the intraceUular label was lost, regardless of the concentration of NBCS in the medium. These results are consistent with the observation that the morphological effect of (9-Glu)2 persists for 8 hr, but not for 24 hr in (D-Glu)r-free medium. To find out whether 3H-(D-Glu)~ was excreted intact, 24 hr washout media were analyzed by paper chromatography. As shown in Fig. 5 b, most of the radioactivity in the washout medium was not associated with (D-GIu)~ or with D-glutamic acid, which moves only slightly ahead of the dipeptide in the solvent system used. The radioactive material in the major peak was not identified. Possibly it represents the products of slow intralysosomal hydrolysis of 8I-I-(D-GIu),, followed by cytoplasmic modification of the digestion products. The fact that the intracellular isotope was entirely associated with intact (D-Glu)2 indicates that these altered products must have been excreted by cells as fast as they were formed. The majority of the peptides which failed to induce vacuolization were found to be susceptible to hydrolysis by enzymes in macrophages or in NBCS. This finding is in accord with the observation that digestible disaccharides failed to affect macrophage morphology. These peptides, if pinocytosed intact, would be hydrolyzed intralysosomalIy, either by endogenous or pinocytosed peptidases (5) and escape from the cell as amino acids. In some cases, they might have been hydrolyzed in the serum medium prior to uptake by ceils.
DISCUSSION
Morphological E~ect o/(D-
Of the peptides which failed to induce vacuolization, six were found not to be susceptible to enzymes in cells or in serum. This finding does not prove that they are not digested by living cells, since intralysosomal digestion may be more thorough than digestion in the test tube. One reason to suspect that they are not, in fact, digested, is that all six of these peptides consist solely of D-amino acids. Cathepsins, like most mammalian proteases and peptidases (13) may well be specific for peptides containing I-amino acids. Even if these six peptides are truly indigestible, failure to induce vacuolization does not imply that they can escape intact from lysosomes; failure to induce vacuolization could be due to insufficient pinocytic uptake. This is probably the case for D-Arg-D-Val, which, like other strongly basic compounds (14) , was cytotoxic at relatively low con- 
Implications for Lysosomal Permeability to Peptides in General.--It is difficult
to generalize from this conclusion without having some idea of the mechanisms by which peptides penetrate lysosomal membranes. Unfortunately, almost nothing is known about the permeability of any biological membranes to small peptides. To a first approximation, we might suppose that permeability to diand tripeptides resembles permeability to amino acids. Our previous studies of the fate of l~5I-human serum albumin suggested that the release of the amino acid monoiodotyrosine from macrophages was not inhibited by parafluorophenylalanine or 2,4-dinitrophenol (1). In the absence of evidence to the contrary, it seems reasonable to assume that the escape of amino acids and small peptides from lysosomes occurs passively.
In a variety of systems, the ability of substances to penetrate passively through membranes has been related to molecular size (see, for instance, reference 15). The fact that most of the indigestible and nonvacuolating peptides have lower molecular weights than (D-Ala), suggested that this relation might obtain for lysosomal permeability to peptides. Fig. 7 shows the molal volumes of a variety of amino acids and peptides (16, 17) . With the exception of the cytotoxic peptide Arg-Val, the nonvacuolating peptides and all of the amino acids have smaller molal volumes than (Ala)~ and (Olu)2. If the molal volumes of other dipeptides are calculated from those of their amino acid residues (see legend of Fig. 7) , then it can be seen that the majority of dipeptides have molal volumes greater than that of (Ala)a. This suggests that, with the possible exception of strongly basic peptides, most dipeptides and almost all tripeptides are not able to penetrate the lysosomal membrane. Other properties, such as charge, hydrophobicity, and so on, are no doubt important, but the present results give no information as to how important. All that can be reasonably inferred about the ability of small peptides to penetrate lysosomal membranes is the following: Whatever the role of other properties, at some point in a series of peptides, molecular size begins to limit transport. For the peptides studied here that point is reached with (Ala)3. In biological membranes which have been studied--those of red cells, HeLa cells, kidney tubule cells, intestinal mucosal cells, and other--permeability to nonelectrolytes becomes size-limited for molecules of radii greater than about 4 A (18). It is probably not entirely coincidental that the Stokes radius of (Ala)3 (approximated as the radius corresponding to (Ala)s's molal volume) is 4.1 A.
Implications for the Mechanism of Intracellular Digestion of Pinocytosed Pro-
teins.--It is worth considering what these inferences about the permeability of lys0somal membranes imply for the fate of pinocytosed proteins. In the course of digestion, amino acids would escape from the lysosomes as fast as they are formed; larger peptides would remain behind, exposed to continual attack. The slower a pepfide's escape from the lysosome, the longer its exposure to cathepsins and the more likely its ultimate hydrolysis. Even peptides which "fit" catheptic specificities poorly might ultimately be degraded to permeable subunits. From the present studies we would predict that these permeable subunits include amino acids and some dipeptides, but probably few tripeptides or larger pepfides. Thus pinocytosed proteins would be degraded intralysosomally to, or close to, the level of amino acids. Recently Mego et al. (19) have found that the digestion of mI-human serum albumin within isolated liver lysosomes is accompanied by the release of monoiodotyrosine-~31I--and no other labeled products--from the lysosomes. This finding supports our suggestion that, in the intact cell, the lysosomal membrane is not permeable to protein fragments much larger than amino acids.
Implications for the Functions of Pinocytosis.--A case has been made for the complete, or nearly complete, intralysosomal hydrolysis of pinocytosed proteins. The most compelling single implication of this argument for the functions of pinocytosis is a negative one. That is, pinocytosis probably does not serve to convey the structural information latent in exogenous proteins to the macrophage cytoplasm. In particular, the present results do not support the hypothesis that macrophages somehow "process" soluble antigen for its reception by immunocompetent cells. Current theories of antigen processing by macrophages require direct interaction of ingested antigen or antigen fragments either with components of the macrophage's cytoplasm or with other cells (20) (21) (22) . Kabat has estimated that antigenic determinants of proteins consist of about five amino acids (23) . According to our studies of pinocytosed peptides, pentapeptides would not be expected to escape intact from a macrophage's lysosomes to its cytoplasm. Thus, all of a protein's antigenic sites would probably be dismantled within macrophage lysosomes, without having a chance to interact with RNA or other cytoplasmic components, much less with other cells. The reverse process--RNA's entering lysosomes to interact with protein fragments--is even less likely, if only because macrophage lysosomes contain acid ribonuclease (4).
The above discussion assumes that the permeability of the lysosomal membrane remains constant during the evolution of an intracellular lysosome. In macrophages, the lysosomal membrane is largely derived from the plasma membrane, whose permeability probably does remain fairly constant during the life of a healthy cell. However, once interiorized as a lysosomal membrane, its permeability could be altered in a number of ways. First, the side of the membrane which formerly faced the extracellular fluid is then exposed to lysosomal en-zymes including proteases and lipases (4) . Perhaps the membrane is slowly eroded, so that its permeability gradually increases (24) . For example, in amoebae, intralysosomal digestion of the cell's mucopolysaccharide coat is associated with increased permeability of the lysosomal membrane to glucose (25) . Another possibility is that the lysosome's repeated fusions with other intracellular membrane-bound vesicles lead to local variations in membrane thickness and permeability. Furthermore, one wonders what happens to membrane permeability as the lysosome shrinks (12), decreasing its surface area several-fold. The permeability of "old" lysosomes cannot be drastically greater than that of the plasma membrane, since pinocytosed indigestible substances of macromolecular dimensions, such as inulin (B. A. Ehrenreich, unpublished observations) and dextran sulfate (Z. A. Cohn, unpublished observations), remain intralysosomal indefinitely.
Finally, it should be born in mind that the present discussion is based on studies of healthy macrophages, cultivated in vitro. In the body, injury and disruption of macrophages, accompanied by the release of enzymes and partially digested lysosomal contents, may play a role in important immunological and pathological processes.
SUMMARY
A series of small peptides, such as might arise in the course of intralysosomal protein digestion, were screened for the ability to escape, intact, from mouse peritoneal macrophage lysosomes. Inability to penetrate lysosomal membranes was inferred from a peptide's induction of lysosomal swelling, or vacuolization, in cultured macrophages.
Two of the peptides tested, (D-Glu)~ and (D-AIa)8, induced vacuolization. Neither peptide was susceptible to hydrolysis by enzymes in macrophages or in the serum-containing culture medium. Their morphological effect was inhibited by parattuorophenylalanine, an inhibitor of pinocytosis. Once formed by either peptide, the vacuoles persisted for several hours in peptide-free medium. Quantitative studies of radioactively labeled (D-Glu)9 confirmed the morphological evidence that (D-Glu), is taken up by pinocytosis and stored, intact, in macrophage lysosomes.
The 
